Cell adhesion by adherens junctions and desmosomes relies on interactions between cadherin molecules. However, the molecular interfaces that define molecular specificity and that mediate adhesion remain controversial. We used electron tomography of plastic sections from neonatal mouse skin to visualize the organization of desmosomes in situ. The resulting three-dimensional maps reveal individual cadherin molecules forming discrete groups and interacting through their tips. Fitting of an x-ray crystal structure for C-cadherin to these maps is consistent with a flexible intermolecular interface mediated by an exchange of amino-terminal tryptophans. This flexibility suggests a novel mechanism for generating both cis and trans interactions and for propagating these adhesive interactions along the junction.
Two major types of intercellular adhesive junctions, desmosomes and adherens junctions, maintain cell shape and tissue integrity. Adherens junctions initiate cell contact and are found as adhesive belts, patches, and puncta between a wide variety of cells (1) (2) (3) . Desmosomes reinforce and sustain adhesion and are particularly prevalent in organs subject to shear stress, such as heart and skin (4) . Both enhance torsional strength by linking to the cytoskeleton. The physiological importance of cellular adhesion is illustrated by genetic and autoimmune diseases associated with various junctional components and by the phenotypes of their genetic knockout in mice. In particular, defects in desmosomal proteins disrupt heart, skin, and hair (4, 5) , whereas those affecting proteins of the adherens junction increase cell proliferation and migration and are thus associated with carcinogenesis and metastasis (6) . Despite a distinct molecular composition, desmosomes and adherens junctions adopt a similar architectural strategy. Both types of junctions use physical associations between members of the cadherin family of calcium-dependent cell adhesion molecules, whose cytoplasmic domains are tethered to the cytoskeleton via an electrondense plaque of intracellular proteins. Desmosomes contain two types of cadherins, desmoglein and desmocollin, whereas adherens junctions comprise a single type of classical cadherin (7, 8) . Desmosomal and classical cadherins belong to the most closely related branches of the cadherin superfamily (9) and are characterized by the presence of five tandem, independently folding extracellular domains (EC1 to EC5) that each contain the highly conserved calcium-binding motifs Asp-XAsp, Leu-Asp-Arg-Glu, and Asp-X-AsnAsp-Asn (10) . The x-ray structures of several classical cadherins (E, N, and C) show that all EC domains adopt a ␤ sandwich related to the immunoglobulin fold, with calcium ions bound to the loops joining individual domains (11, 12) . Desmosomal cadherins are very likely to have analogous structures given their high sequence similarity (13) , including the conserved pattern of Pro, Gly, and hydrophobic residues that define the immunoglobulin fold (14 -16) .
Considerable interest has focused on identifying molecular interfaces that mediate the association of classical cadherins. Mutational studies as well as adhesioninhibitory antibodies and peptides have implicated EC1 domains, in particular Trp 2 and the region of the conserved His-AlaVal (HAV) sequence (17) (18) (19) (20) (21) (22) . X-ray crystallography has shown this N-terminal Trp to insert into a pocket formed by hydrophobic residues in the vicinity of the HAV sequence. In the initial structure, a dimer resulted from an intermolecular exchange of the N-terminal residues, which suggested that Trp 2 mediates the cis adhesive bond (23) . Subsequent structures revealed either a disordered N terminus (12, 24) or the insertion of Trp 2 into its own hydrophobic pocket (25) , which was suggested to induce a conformational change at a distinct adhesion site. The most recent crystal structure, including all five domains of C-cadherin (26) , again showed a symmetric Trp 2 exchange between neighboring molecules, this time mediating a trans or intercellular contact. A number of alternative crystal contacts have also been proposed as adhesion interfaces, but no consensus has emerged for their physiological relevance. Adding to these disparities, surface force measurements (27) and bead aggregation assays (28) have suggested that extensive interdigitation of cadherin molecules, rather than interactions at their tips, may be required for strong adhesion. To determine which of these many models is most physiologically relevant, we sought to visualize the molecular interactions directly within an intact junction.
We used electron tomography (29, 30) to produce three-dimensional (3D) reconstructions of desmosomes in newborn mouse epidermis. Because samples of skin are relatively thick, we prepared conventional plastic sections (13) rather than using emerging methods for imaging isolated organelles and thin cultured cells in the unstained, frozen-hydrated state (31) . We found that freeze-substitution preserved the smooth and regular appearance of delicate structures, such as cellular membranes and cytoskeletal filaments, and did not produce extraction and aggregation of soluble cytoplasmic components (Fig. 1) . The membrane appears as two smooth, parallel black lines that are clearly separated by 3.5 nm of white space; the frequent desmosomes display distinct cross-bridges traversing a regular 28-nm intercellular space, which is interrupted by the electron-dense midline. The intracellular side of the junction comprises a very electron-dense plaque laminating the membrane, which has wispy connections to loose bundles of intermediate filaments. Although the general advantages of freeze-substitution have been described (32), we speculate that the dense molecular scaffold characterizing desmosomal architecture aided preservation by physically resisting molecular collapse and shrinkage (29) . Similar resilience may explain the 2.5-nm resolution and minimal shrinkage obtained in plastic sections of myosin S1 crystals (33) and the ability to distinguish myosin conformations in tomographic reconstructions of insect flight muscle (34) . We found that the best resolution came from the thinnest sections (e.g., "R" in Fig.  1 , E and F, and Table 1 ), although the organization of cadherins was easier to evaluate in slightly thicker sections (e.g., "P" used for Fig. 2 ). Perhaps more important was the use of dual-axis tilt series, which produced more isotropic resolution and lower background noise than singleaxis tilt series, making molecular tracking more reliable (13) .
To evaluate the 3D organization of cadherins, we examined individual sections from the maps and manually assigned densities to particular protein components (Fig.  1, E and F) . On the basis of this segmentation, finger-like densities are revealed within the intercellular space ( Fig. 2A) , which are ϳ3 nm in diameter and have gently curved shapes that closely resemble the x-ray structure of the EC1-EC5 construct from C-cadherin (26) . This consistency supports the hypothesis that the structure of extracellular domains of desmosomal cadherins is comparable to that of classical cadherins (14) . These molecules, which are present at a density of ϳ17,000/ m 2 , assemble into groups of 10 to 20 with their N-terminal domains forming a series of knots (Fig. 2B) at 20-to 25-nm intervals along the midline. Such grouping contrasts with the molecular packing in x-ray crystals, because interactions at the midline do not form a regular lattice and do not propagate along the length of the junction. Nonetheless, grouping facilitates extensive interactions between EC domains and is consistent with early freeze-fracture images showing clusters of 3-nm "filaments" connecting at the midline to form 5-nm particles (35) .
To characterize interactions between EC domains, we chose to focus on one particular desmosome, fitting the x-ray structure to 136 densities representing the majority of molecules present in this junction ( Fig. 2A) . We identified three distinct geometries for interacting molecules within the midline knots that resemble the shapes of the letters S, W, and (Fig. 2, C to E) . The S-and W-shapes result from cadherin pairs interacting in trans across the intercellular space, whereas the -shape adds a third molecule and a cis interaction to the S-shape. After excluding molecules at the edge of the section that are likely to be missing their binding partners, we find that 43% engage in S-shapes, 23% The membrane appears as a narrow white zone; cadherin molecules appear as strands crossing the extracellular space, which is bisected by an electron-dense midline. Individual cadherins are difficult to identify because of extensive superposition of these densely packed molecules within the section; individual molecules are more readily seen in ultrathin sections that are unsuitable for tomography but are included in (13) . A very dense plaque abuts the intracellular face of the membrane and leads to a looser network of fibrous densities that ultimately connect to bundles of intermediate filaments. (E and F) Sections through the tomographic reconstruction of desmosome "R" (see Table 1 ) cut parallel (E) and perpendicular (F) to the untilted sample [e.g., (B)]. The membrane is outlined in red, cadherin molecules in blue, two zones of the cytoplasmic plaque in orange and light green, and intermediate filaments in dark green. The perpendicular section in (F) reveals the thickness of the plastic section and illustrates that the resolution was quite isotropic [see also (13) engage in W-shapes, and 40% function as the cis-related molecule in -interactions (some molecules have been counted more than once because they engage in multiple interactions, and Ͻ9% of molecules lack these particular molecular contacts). Our next step was to fit the x-ray structure of C-cadherin to these shapes, using its characteristic curvature to uniquely define the Fig. 2 . Delineation and fitting of cadherin molecules to the desmosome. With the C-cadherin x-ray structure as a template, 136 cadherin molecules were delineated in the region of desmosome "P" (see Table 1 ). (A) Densities from the map, with individual cadherin molecules in various colors and the membrane in cyan. (B) A representative group of cadherin molecules clustering at the midline and interacting predominantly at their tips. (C to E) Three recurrent molecular interactions within the molecular groups, referred to as W, S, and , respectively. The x-ray structure for C-cadherin was fitted as a rigid body with no changes within the structure itself. (G to I) The resulting juxtaposition of EC1 domains, where each molecule has a distinct ribbon color, calcium ions are brown, the space-filling representation of the Trp 2 side chain is dark orange, and the HAV sequence has a light orange ribbon with stick-like side chains.
The W-shape is consistent with symmetric insertion of Trp 2 into the hydrophobic pocket formed by the hydrophobic pocket of the neighboring molecule as seen in the C-cadherin x-ray structure (26) . In the S-shape, the lower molecule is rotated such that its Trp 2 is available for a secondary interaction, although the purple molecule's Trp 2 is still near the green molecule's hydrophobic pocket. In the -shape, the green Trp 2 is near the cyan hydrophobic pocket; the cyan Trp 2 is near the purple hydrophobic pocket, and the purple Trp 2 is free. (F and J) A four-way molecular network, which can be thought of as a -shape plus one additional molecule in cis. Such interactions produce networks of up to six molecules with an apparently stochastic arrangement. These networks appear to be interwoven at the midline to form molecular tangles such as that in (B).
rotational orientation of molecules within the density and thus the interface between interacting molecules (Fig. 2, G to J) . The Wshape corresponds closely to the dimer seen in the x-ray structure of C-cadherin, in which Trp 2 is inserted into the hydrophobic pocket in the EC1 domain of a partner molecule (Fig.  2G) (26) . This Trp exchange is plausible for desmosomal cadherins, because both Trp 2 and the critical alanine at the base of the hydrophobic acceptor pocket are strictly conserved (24) and, like classical cadherins, peptides corresponding to the HAV region inhibit desmosomal adhesion (36) . This W-shape represents a dead-end trans dimer because of the mutual engagement of N termini and hydrophobic pockets, but S-and -shapes provide a mechanism for propagating this interaction. In particular, both S-and -shapes are also compatible with Trp 2 exchange, if one takes into account the flexibility of the N terminus implied by its ability to adopt multiple configurations in x-ray structures (12, (23) (24) (25) (26) . In fact, the S-shape is simply related to the W-shape by a rotation of the lower molecule relative to the upper one (Fig. 2, C and D) . Although a flexible N terminus would allow one Trp 2 to remain in its partner's hydrophobic pocket, the other Trp 2 would be pulled out of the pocket and become free for interaction with additional cadherins (Fig. 2H) . Indeed, the -shape in Fig. 2E consists of an S-shaped, trans interaction with the free Trp 2 forming a cis interaction via the hydrophobic pocket of a third molecule (Fig. 2I) . Alternatively, Trp 2 of the third molecule can engage with the free hydrophobic pocket of the S-shaped pair. Thus, the Trp 2 exchange is responsible for both cis and trans interactions and for propagating these interactions among networks comprising four to six molecules (e.g., Fig. 2 , F and J) (13) . These networks have a wide variety of configurations and therefore appear to result from stochastic addition of molecules in either cis or trans; they also represent a distinct level of organization from the larger midline knots, which generally contain two or more networks interacting through other, undefined interfaces.
The binding geometries that we have observed are highly reminiscent of interactions between E-cadherin coupled to pentameric assemblies of cartilage outer matrix protein (ECAD-COMP) (25, 37) . In these studies, electron micrographs also revealed finger-like EC domains interacting at their distal tips. Cis interactions were postulated for molecules within a given pentameric assembly and are consistent with our -shapes, whereas trans interactions were postulated to interconnect pentamers and are consistent with our S-shapes. These similarities support the idea that desmosomal and classical cadherins use analogous adhesive interactions involving EC1 domains. Although these images fundamentally conflict with interdigitation of cadherin molecules (27, 28) , the physical proximity of molecules within these groups suggests that complementary faces of various EC domains may interact to produce a tangle of interwoven molecules at the midline, and that full adhesion may result from the sum of a large number of diverse, weak interactions. Thus, a possible model for assembly begins with a recognition step, involving Trp 2 and the hydrophobic pocket of neighboring molecules, followed by a compaction step, in which networks of molecules coalesce into larger adhesive knots to produce full adhesion.
Flexibility of cadherin molecules may be an important property for adhesion. In particular, the molecular shapes delineated in our map show structural variations that suggest flexibility in the extracellular domain. A likely source of flexibility is the linker regions between successive EC domains, which represent hinges that determine the angle between domains. These angles are variable in x-ray structures (24, 26) , and calcium binding by the linkers has been shown to modulate overall flexibility (25, 38) . Although glycosylation and nonhomogeneous staining may contribute to the structural variations in our map, desmosomal cadherins may be especially flexible, given that the EC4/5 linker of desmoglein 1 has lost all calcium-binding ligands and other desmoglein and desmocollin isoforms have lost one of three calcium sites in EC3/4 and EC4/5 linkers (16, 39) . With regard to adhesion, such flexibility might be useful in maximizing interactions between cadherins forming the junction, just as it is used in building a viral shell (40) and in bundling actin filaments within microvilli (41) .
Although EC5 domains are far from the site of intermolecular bonds, these domains play an important role in adhesion, as suggested by studies of the effects of dithiothreitol on conserved cysteines in EC5 (20) , inhibitory antibodies associated with the EC4/5 loop (17), and EC5 truncation in desmoglein 1 (9) . Our map indicates that EC5 domains adopt two alternative orientations relative to the membrane: either perpendicular or parallel to the membrane plane (Fig. 2) . The former is consistent with previous models of cadherin packing within a junction (23, 25, 26) , but the latter swivels the whole extracellular region relative to the membrane surface and implies flexibility in the linkage of EC5 to the transmembrane domain. EC5 domains also tend to associate either in pairs or triplets on the membrane surface (13) . Because ϳ80% of paired molecules are incorporated into different groups when followed to the midline, it is possible that the knotting of EC1 domains may form the physical bonds between cells, whereas the intracellular domain may be responsible for holding the groups together laterally. This idea is consistent with the results of studies that investigated catenins as a general determinant of adhesive strength (42), a role for the juxtamembrane portion of the intracellular domain in cadherin dimerization (43) (44) (45) , and the formation of coiled coils by the leucine-rich transmembrane helices of Ecadherin (46) . These studies all indicate that tailless cadherins produce only weak adhesion and that their intracellular domains are required for strong adhesion. Whatever the mechanism, our structure suggests that although tailless cadherin constructs would be able to form a small group of molecules with interacting EC1 Table 1 . Parameters for tomographic reconstruction of desmosomes. Independent samples were imaged and used for 3D reconstruction. Separate tilt ranges apply to perpendicular tilt axes and were used for dual-axis tomograms. Width of junction is the intercellular distance between extracellular surfaces of apposing plasma membranes. Theoretical resolution is based on the formula given by McEwen and Marko (30) . Alignment errors are those reported during tomographic reconstruction by IMOD (47 domains, intracellular domain associations would be required to bring these groups together into an adhesive patch with a sufficient number of intercellular bonds to resist shear forces.
